Sterile cultures of Lemna minor have been labeled with 32pl, and the ribosomal proteins have been examined for radioactivity. In relatively short term labeling a radioactive protein was found which ran as a single component in both urea/acetic acid and sodium lauryl sulfate gel electrophoresis. The same strain of Lemniiia miinlor was used as previously described (16). Growth conditions were identical except for the use of a 12-hr day instead of continuous light. This reduced growth rates slightly, the average fresh weight rate constant of increase being 0.30 day-' (16). All experiments were carried out under sterile conditions, and nonsterile experiments were discarded. Assays for sterility were carried out as previously described (16).
calculation indicated only 0.6 to 0.75 atom of this protein phosphorus per ribosome.
The phosphorylated protein is found in both polysomes and "derived" monomers and appears to be located in the ribosomal small subunit. Its apparent molecular weight is 42,000. Addition of growth-inhibiting concentrations of abscisic acid does not alter the apparent degree of labeling of this protein in 5 hours, but after 24 hours of treatment the total protein phosphorus was reduced from 0.75 atom of phosphorus per ribosome to 0.36 atom of phosphorus per ribosome.
Many of the cellular events mediated by cyclic AMP in animal tissues appear to be related to the control of protein kinase activity (7) . The groups of proteins which have been demonstrated to be phosphorylated in animal systems, and therefore may have their activity modulated by protein kinases, include nuclear acidic proteins (15) and histones (1) , plasma membrane proteins (14) , various enzymes (13), and microsomal proteins (4) . This last category includes ribosomal proteins themselves, and the phosphorylation of this group of proteins was first definitively demonstrated by Kabat (4) . He was able to show that phosphorylation of at least one ribosomal protein in reticulocytes was associated with the production of inactive monomers. It has recently been shown that phosphorylation of ribosomes in vitro with a protein kinase reduces their amino acid-incorporating ability (9) .
The possible role and presence of cyclic AMP in plants are still under investigation (3, 5, 10, 12, 18) . The presence of phosphorylated proteins and protein kinases in plants does not appear to have been seriously examined except by Kuo and Greengard (7) , who reported the apparent absence of histone kinases in some half-dozen plant tissues they examined. This paper reports a first step in an examination of the possible role of this regulatory system in plants with the detection of a phosphorylated ribosomal protein in a sterile plant system. Preliminary experiments indicate that abscisic acid may control the degree of phosphorylation of this protein.
MATERIALS
Carrier-free 'P, was obtained from the Radiochemical Centre, Amersham, and neutralized before use.
The same strain of Lemniiia miinlor was used as previously described (16) . Growth conditions were identical except for the use of a 12-hr day instead of continuous light. This reduced growth rates slightly, the average fresh weight rate constant of increase being 0.30 day-' (16) . All experiments were carried out under sterile conditions, and nonsterile experiments were discarded. Assays for sterility were carried out as previously described (16) .
Three media have been used for labeling Lemna with "'Pi: (a) for 5 hr labeling, 50 ml of sucrose-mineral salts but with KH2PO4 reduced to 4 itM and with 'Pi at 50 yc/ml; (b) for 24 hr labeling, 50 ml of sucrose-mineral salts but with KH2P04 reduced to 40 fM and containing "'Pi at 50 lc/ml; (c) for 12 days labeling, 100 ml of sucrose-mineral salts containing 4 ,tc/ml 3'P, (2) .
As far as can be determined, growth (measured as frond number) continues normally on these media for the duration of the labeling period. The pellet was resuspended in 0.7 ml of 0.05 M KCI, 10 mM tris (pH 7.4), and 10 mm MgCI]; layered onto a 20-ml 10 to 35% exponential sucrose gradient containing 0.05 M KCI, 10 mM MgCl, and 10 mm tris (pH 7.4); and spun for 2.5 hr at 80,000g.
METHODS
Fractions of either 15 or 20 drops were collected after the tube was punctured and counted by Cerenkov radiation in a Packard scintillation counter. The desired fractions were collected, and the ribosomes were precipitated with 0.7 volume of ethanol. In some experiments (shown in Figs. 2, 7, 8, and 10) and in particular when derived monomeric ribosomes were being prepared, the pH of the initial extraction medium and the 1 M sucrose was 7.9 and 7.4, respectively.
Monomeric ribosomes were prepared from Lemna which was gassed in the dark with nitrogen for 1 or 2 hr (8). Subunits were prepared from these derived monomers by suspending Figure 10 , where the loadings were 275 ,ug protein/gel.
Gel Staining and Slicing. After electrophoresis the gels were removed from the tubes and stained in 0.025% Coomassie Blue in 50% methanol-7% glacial acetic acid (17) . Gels were destained by washing in 5% methanol-5% glacial acetic acid, scanned at 575 nm, frozen, and sliced into 1-mm slices. After drying on paper strips, the slices were cut out and counted in a scintillation counter. Figure 1 shows a typical sucrose density gradient profile of Lemna polysomes isolated at pH 8.5 and using 0.05 M KCI. The yield is about 65% polysomes, and this yield is reduced to about 50% if the extractions are carried out at pH 7.4 and the ribosomes pelleted through 20 mm KCI. For the purposes of preparing ribosomal proteins the fractions denoted as P (representing dimer to pentamer) and M (monomer) have been bulked. Other fractions have always been discarded.
RESULTS
RNA has been prepared from these polysome and monosome fractions and analyzed by gel electrophoresis in order to fully identify and determine the degree of purity of these ribosomes (results not published here). The major components were clearly from 80S ribosomes and some degradation of the from Lemna minor. Polysomes were isolated from Lemna minor at pH 8.5 and 0.05 M KCI. They were carefully layered on a 20-ml 10 to 35% sucrose gradient and centrifuged at 105 g for 2.5 hr. Gradients were removed by pumping heavy sucrose into the bottom of the tube, and the A257 of the gradient was measured through a constant recording apparatus. Fractions between P and M were collected and precipitated with ethanol, and the RNA was prepared from the precipitate with phenol.
cated that the polysomes contained about 3% 70S and the monosomes 5% 70S ribosomes, the remainder being 80S.
Gel Electrophoresis of Labeled Protein. In the experiment shown in Figure 2 Lemna was labeled for 24 hr with 32P, and the proteins were prepared from polysomes isolated at pH 7.4 and a salt concentration of 20 mm KCl. The labeled proteins have been separated by urea-acetic acid ( Fig. 2a) and SLS gel methods (Fig. 2b ). Chromoscan traces have been included for reference. In Figure 2c the labeled protein sample in 0.5% sarcosyl-L was treated for 1 hr with 1 ,ug of pronase at 25 C before separation as for Figure 2b .
The results show that in both separations ( Fig. 2 , a and b) 50% of the radioactivity is located in one component, the remaining radioactivity being distributed over a number of fractions. The pronase treatment in Figure 2c indicates the likelihood that the radioactivity detected in all fractions is attached to proteins.
In order to test the possibility that the labeled proteins shown in Figure 2 , a and b, may not be ribosomal in origin but loosely associated contaminants, we have employed the method described by Kabat (4) , which involves centrifuging ribosomes through 0.25 M KCl instead of 20 mm KCI. This procedure reduced the protein content of the ribosomes from about 45% protein to 39% protein. Figure 3 , a and b, shows urea-acetic acid and SLS gel separations of labeled proteins from polysomes isolated in this way. Figure 3c shows SLS gel separation of four standard proteins: serum albumin, ovalbumin, myoglobin, and cytochrome c. The results of Figure 3 , a and b, indicate, firstly, that the single major component seen in Figure  2 is still present under these more stringent conditions of isolation and, secondly, that the other labeled proteins seen in Figure 2 are now almost totally eliminated, the main component occupying over 80% of the total radioactivity on the gel. This suggests that these other labeled proteins may be loosely associated contaminants Figure 2c indicates that pronase, however, is able to digest the radioactivity. Thirdly, the data in Figure 4 indicate that the 'P, is attached to a serine residue. Phosphorylated ribosomal protein was prepared from Lemna incubated for 24 hr in 'P,. The labeled protein (~1 mg) was hydrolyzed in 6 N HCl, and the components were separated by paper electrophoresis (4) . Standards containing Pi, serine phosphate, and threonine phosphate were run at the same time, and their position was revealed using phosphomolybdate spray. The electrophoresis strip was then cut into 0.5-cm sections and counted. The results are shown in Figure 4 .
They clearly reveal the presence of labeled serine phosphate in the ribosomal protein despite the fact that serine phosphate is relatively unstable under the hydrolysis conditions used and considerable losses would have occurred (4) . A trace of labeled threonine phosphate can also be seen to be present. The radioactivity present in the P1 peak has three probable sources:
firstly, hydrolyzed serine phosphate; secondly, contaminating RNA in the preparation which under these conditions will be hydrolyzed to the component bases, ribose. and inorganic phosphate; and thirdly, contaminating 32Pt itself.
Number of Labeled Phosphate Groups per Ribosome. The amount of any phosphate-containing compound in Lemna may be determined by growing Lemna for 4 to 5 generations on 32p,, counting the required compound, and relating this radioactivity to the original specific radioactivity of the medium (2) . To obtain continuous growth, however, on labeled media, low specific radioactivities have to be used, and this consequently lowers the radioactivity detectable in labeled compounds. Accordingly, Lemna was grown for 12 days on sucrosemineral salts containing 4 ,uc/ml 3P, the increase in fresh weight under these conditions being about 16-fold. The labeled ribosomal protein was prepared and electrophoreted by both urea-acetic acid and SLS methods. The results are shown in Figure 5 . Figure Sa shows that the label in the ribosomal protein is now distributed among five bands, the largest corresponding to that previously seen and shown in Figure 3 . This main band now occupies only 50% of the radioactivity on the gel. Figure  Sb, illustrating SLS gel electrophoresis, shows these other proteins to be of lower molecular weight than the main band.
From the total radioactivity in the main band and from the measured radioactivity of the RNA of the ribosomes from which the protein was prepared it can be calculated that there are about 100 Fig. 10 ) has indicated a value of 0.75 molecule of protein phosphate per ribosome.
Ribosomal Location of Phosphorylated Protein. Kabat (4) was able to demonstrate that in reticulocytes one phosphorylated protein was associated with the production of inactive monomeric ribosomes. We have examined the ribosomal location of the phosphorylated protein in Lemna, firstly, to check the possibility of association with monomers, and secondly, in order to obtain some possible clue as to the function of this phosphorylation.
The data shown in Figure 6 labeled protein obtained from the type of sucrose gradient shown in Figure 1 . Polysomes (Fig. 6a) The monosome fraction analyzed in Figure 6 will probal contain both inactive monomeric ribosomes and degrad polysomes. In an attempt to see if the phosphorylated prot( is located only in polysomes, inactive monomers have be prepared from Lemna, ribosomal proteins have then been p pared, and the amount of label in the phosphorylated prot( has been compared with that in ordinary polysomes. In experiment shown in Figure 7 , ribosomes were prepared fr( labeled Lemna gassed with nitrogen in the dark for 0, 1, anc hr. After separation on sucrose gradients the monomer regi in each gradient was collected, and the monomer riboson proteins were prepared. In agreement with Lin and Key the nitrogen treatment substantially increased monosome lev from 47% total ribosomes at zero time to 84% after 1 hr a to 85.5% after 2 hr. Figure 7 , a to c, shows the electrophore profiles of the protein from the monomer fractions. Althou the nitrogen treatment resulted in substantial increases monosomes, this was not accompanied by a comparable char in the phosphate attached to protein. There is a reduction about 30% in the phosphorus attached to protein after 2 hr nitrogen treatment but some diminution would be expected cause of the probable reduction in phosphorylation rates in I dark and the possible continuation of turnover of this ph phate. For further information we have also attempted to cate in which of the two ribosomal subunits the protein located. This proved to be somewhat more difficult than anti pated. Attempts to dissociate ribosomes in EDTA resulted complete breakdown of the subunits. Treatment of inact monomeric ribosomes with 0.5 M KCI resulted in the detect of two subunits on sucrose gradients (8) , but considera quantities of labeled material were left on the gradient origin. Subsequent analysis of these salt-produced subunits indicated total loss of the phosphorylated protein. The method finally adopted was to treat inactive monomeric ribosomes with low salt concentrations (0.05 M KCI) in the presence of very low magnesium levels (0.05 mm MgC12) (8) . Figure 8 , a to d, shows urea-acetic acid and SLS gel electrophoretic profiles of phosphorylated protein from small and large subunits, respectively. These data clearly locate the main phosphorylated protein as being present in the small subunit and thus indicate its probable functions with known functions of this subunit. The profiles 0 of proteins from the large subunit show that in the SLS gel = separations a small peak of radioactivity runs in the same IZ position as the main phosphorylated component in the small : subunit. In urea-acetic acid, however, this small peak runs 0.4 cm faster than the main peak of radioactivity seen in the small subunit profiles, and thus the origin of this large subunit component is unlikely to be cross contamination between the two subunits. The Effect of Hormones on Phosphorylation of Ribosomal Protein. The growth of Lemna is subject to the action of two plant growth hormones, cytokinins and ABA (16) . We have tested the possibility that either of these two hormones may om alter the degree of phosphorylation of ribosomal protein.
ind
In the experiment shown in Figure 9 Lemna was grown for Dm 5 hr in the presence of 'Pi and in the presence and absence of pa-ABA (5 /LM). The ribosomal protein was isolated and electroins phoreted, and the radioactivity profiles are shown in Figure 9 . Separation of labeled ribosomal protein isolated from derived monomers. Lemna was labeled for 24 hr with 32Pi and divided into three. One part was gassed with nitrogen in the dark for 2 hr, one part for 1 hr, and the remainder used as a zero time control. Ribosomes were isolated at pH 7.4 in 20 mm KCI on sucrose gradients. The monomer fractions only in all gradients were collected, and the proteins were prepared and separated by ureaacetic acid gel electrophoresis. ABA, Lemna was labeled for 12 days with "P,, and ABA was added for the last 24 hr to one half. Sucrose density gradient profiles of polysomes (results not shown here) indicated that this treatment reduced polysome levels 2.5-fold with a consequent increase in the monomer. Proteins were isolated from the monomeric region of both gradients and separated using ureaacetic acid. The results are shown in Figure 10 , a and b.
Under these conditions Leinna has been labeled to equilibrium, and the radioactivity on the protein represents levels of phosphate attached to the protein. From the control values (Fig. 10a) it can be calculated (as described for Fig. 5 ) that in this experiment there are 0.75 atom of protein phosphorus in the main band per ribosome. Other minor phosphorylated components can again be seen, as shown in Figure 5 , and again occupying about 50% of the total activity on the gel. The effect of ABA is to reduce strongly the total phosphorus attached to ribosomal proteins. For example, there is 0.36 atom of protein phosphorus in the main band per ribosome instead of 0.75 atom for the control. Other differences can be seen in the minor components; again, for example, one component (running just ahead of the main band) appears to have been eliminated altogether. Despite these differences in the protein phosphorus, the total ribosomes extracted and the specific activity of the RNA were unaltered by the treatment with ABA.
Two experiments have been carried out in which Lemna has been treated for 24 hr with "Pi in the presence and absence of 5 ,uM benzyladenine. Gel electrophoresis of the ribosomal protein failed to reveal any differences in the profile or in the degree of labeling.
DISCUSSION
The evidence in this paper may be construed as supporting the notion that a sterile higher plant, Lemna minor, has at least one ribosomal protein which is phosphorylated. The term ribosomal in this context is purely operational because of the difficulties which attend the demonstration that a protein is 
